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ABSTRACT
We report evidence for an anti-correlation between spin temperature Ts and metallicity [Z/H], detected at
3.6σ significance in a sample of 26 damped Lyman-α absorbers (DLAs) at redshifts 0.09 < z < 3.45. The
anti-correlation is detected at 3σ significance in a sub-sample of 20 DLAs with measured covering factors,
implying that it does not stem from low covering factors. We obtain Ts = (−0.68±0.17)× [Z/H]+ (2.13±0.21)
from a linear regression analysis. Our results indicate that the high Ts values found in DLAs do not arise from
differences between the optical and radio sightlines, but are likely to reflect the underlying gas temperature
distribution. The trend between Ts and [Z/H] can be explained by the larger number of radiation pathways
for gas cooling in galaxies with high metal abundances, resulting in a high cold gas fraction, and hence, a
low spin temperature. Conversely, low-metallicity galaxies have fewer cooling routes, yielding a larger warm
gas fraction and a high Ts. Most DLAs at z > 1.7 have low metallicities, [Z/H] < −1, implying that the HI
in high-z DLAs is predominantly warm. The anti-correlation between Ts and [Z/H] is consistent with the
presence of a mass-metallicity relation in DLAs, suggested by the tight correlation between DLA metallicity
and the kinematic widths of metal lines. Most high-z DLAs are likely to arise in galaxies with low masses
(Mvir < 1010.5M⊙), low metallicities ([Z/H]< −1, and low cold gas fractions.
Subject headings: galaxies: evolution — galaxies: ISM — radio lines: galaxies
1. INTRODUCTION
Damped Lyman-α systems, with HI column densities
NHI ≥ 2× 1020 cm−2, are the high-z gas-rich counterparts of
today’s normal galaxies, and crucial to understanding galaxy
evolution. However, despite much observational effort, our
knowledge of the typical size, structure and internal condi-
tions of high z DLAs is yet limited (e.g. Wolfe et al. 2005).
A controversial issue is the HI temperature distribution in the
absorbers, whether most of the HI is in a warm, low-density
phase (the warm neutral medium, WNM, with kinetic temper-
ature Tk ∼ 5000 − 8000 K; Wolfire et al. 1995), or whether a
significant fraction is in a high density, cold phase (the CNM,
with Tk ∼ 40 − 200 K). For DLAs towards radio-loud quasars,
this can be determined by combining the optical depth in the
redshifted HI 21cm line with the HI column density mea-
sured from the Lyman-α profile to obtain the column-density-
weighted harmonic mean spin temperature Ts along the sight-
line (e.g. Kanekar & Briggs 2004). High-z DLAs have been
shown to have higher Ts values (& 700 K; e.g. Wolfe & Davis
1979; Carilli et al. 1996; Kanekar & Chengalur 2003) than
those typically found in the Milky Way or local spirals (Ts .
300 K; Braun & Walterbos 1992). The simplest interpreta-
tion of this, in the context of stable two-phase models, is that
high-z DLAs contain larger WNM fractions than local disks
(Carilli et al. 1996; Chengalur & Kanekar 2000). Conversely,
Wolfe et al. (2003) argue that the detection of CII* absorption
in a number of high-z DLAs indicates sizeable CNM fractions
(∼ 50%) in half the DLA population.
A plausible cause for the putative higher WNM fractions in
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high-z DLAs is their typically-low metallicity [Z/H], imply-
ing fewer routes for gas cooling. If high Ts values in DLAs
arise due to low absorber metallicities, one would expect an
anti-correlation between Ts and [Z/H], with low-Ts DLAs hav-
ing high metallicities, and vice-versa (Kanekar & Chengalur
2001). We report here the detection of the predicted anti-
correlation between Ts and [Z/H], supporting the conclusion
that HI in high-z DLAs is predominantly in the warm neutral
medium.
2. THE SAMPLE
Over the last decade, we have carried out HI 21cm absorp-
tion studies of DLAs towards compact, radio-loud quasars to
measure their spin temperatures (e.g. Kanekar & Chengalur
2003; Kanekar et al. 2006, 2007; York et al. 2007), and
have also measured the DLA covering factors through low-
frequency very long baseline interferometry (VLBI) studies
(Kanekar et al. 2009a). The VLBI images yield the fraction
of compact radio emission, and thus a lower limit to the DLA
covering factor. However, no additional radio emission is de-
tected up to scales of∼ 1′′, indicating that the remaining emis-
sion arises from much larger scales (& 10 kpc), and is unlikely
to be covered by the foreground DLA. The radio core fraction
thus provides a good estimate of the DLA covering factor.
We have also obtained metallicity estimates for most of the
DLAs with HI 21cm studies from our own observations or the
literature. There are 26 DLAs, at 0.09 . z . 3.45, with esti-
mates of both Ts and [Z/H], of which 20 have covering factor
estimates from low-frequency VLBI studies, and 21 have esti-
mates of dust depletion, [Z/Fe]. The 26 absorbers of the sam-
ple are listed in Table 1, whose columns contain (1) the quasar
name, (2) the DLA redshift, (3) the HI column density mea-
sured from the Lyman-α profile, (4) the DLA covering factor
f , (5) the spin temperature Ts, or, for HI 21cm non-detections,
the 3σ lower limit to Ts (taking into account the DLA cov-
ering factor, when known), (6) the metallicity [Z/H], (7) the
dust depletion factor [Z/Fe], (8) the transitions used for the
[Z/H] and [Z/Fe] estimates, and (9) references for [Z/H] and
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TABLE 1
THE FULL SAMPLE OF 26 DLAS.
QSO zabs NHI f Ts [Z/H] [Z/Fe] Z,Fe Ref.
×1020 cm−2 K
0738+313 0.0912 15± 2 0.98 775± 100 < −1.14 < 0.48 Zn,Fe 1
0738+313 0.2212 7.9± 1.4 0.98 870± 160 < −0.7 < 0.74 Zn,Cr 1
0952+179 0.2378 21.0± 2.5 0.66 6470± 965 < −1.02 < 0.63 Zn,Cr 1
1127−145 0.3127 51± 9 0.9 820± 145 −0.90± 0.11 − Zn,− 2
1229−021 0.3950 5.6± 0.9 0.42 95± 15 −0.45± 0.14 > 0.83 Zn,Fe 3
0235+164 0.5242 50± 10 1.0 210± 45 −0.14± 0.17 1.73± 0.24 X-ray,Fe 4
0827+243 0.5247 2.0± 0.2 0.7 330± 65 −0.62± 0.05 − Fe+0.4,− 1
1122−168 0.6819 2.8± 1 − > 1445 < −1.47 < −0.15 Zn,Fe 1,2
1331+305 0.6922 17.8± 0.8 0.9 965± 105 −1.35± 0.03 0.28± 0.03 Zn,Fe 5
0454+039 0.8596 4.9± 0.2 0.5 > 690 −0.99± 0.12 0.00± 0.14 Zn,Fe 1
2149+212 0.9115 5± 1 − > 2700 < −0.93 − Zn,− 6
1331+170 1.7764 15± 1.4 0.72 1260± 335 −1.20± 0.04 0.847± 0.008 Zn,Fe 7
1157+014 1.9436 63± 15 0.63 1015± 255 −1.40± 0.10 0.38± 0.16 Zn,Fe 8
0458−020 2.0395 60± 10 1.0 560± 95 −1.27± 0.07 0.47± 0.05 Zn,Fe 7
0311+430 2.2898 2.0± 0.5 − 140± 35 > −0.6 − Si,Fe 9
0432−440 2.3021 6.0± 1.4 − > 995 −1.12± 0.15 0.33± 0.21 Si,Fe 10
0438−436 2.3474 6.0± 1.4 0.59 900± 250 −0.68± 0.15 0.62± 0.21 Zn,Fe 10
0405−331 2.5693 4.0± 0.9 0.44 > 785 −1.40± 0.15 0.34± 0.21 Si,Fe 10
0913+003 2.7434 5.5± 1.3 − > 800 −1.47± 0.15 0.12± 0.21 Si,Fe 10
1354−170 2.7799 2.0± 0.7 − > 795 −1.86± 0.16 0.67± 0.10 Si,Fe 7
2342+342 2.9084 13± 3 0.71 > 1705 −1.23± 0.15 0.36± 0.13 Zn,Fe 11
0537−286 2.9742 2.0± 0.5 0.47 > 520 < −0.44 − Zn,Fe 10
0336−017 3.0619 15.8± 3.6 0.68 > 6670 −1.40± 0.10 0.37± 0.03 S,Fe 7
0335−122 3.1799 6.0± 1.4 0.62 > 1850 −2.56± 0.15 0.05± 0.21 Si,Fe 10
0201+113 3.3875 18± 3 0.76 1050± 175 −1.26± 0.15 0.18± 0.21 S,Fe 12
1418−064 3.4482 2.5± 0.6 0.69 > 680 −1.48± 0.15 0.24± 0.21 Si,Fe 10
Notes: The Ts values have been re-computed uniformly by Kanekar et al. (in prep.). References for [Z/H] values are mostly to literature compilations, which
contain the original references; all values are scaled to the solar abundances of Lodders (2003). (1) Kulkarni et al. (2005); (2) Kanekar et al. (in prep.);
(3) Boisse et al. (1998); (4) Junkkarinen et al. (2004); (5) Wolfe et al. (2008); (6) Nestor et al. (2008); (7) Prochaska et al. (2007); (8) Ledoux et al. (2006);
(9) Ellison et al. (2008); (10) Akerman et al. (2005); (11) Prochaska et al. (2003b); (12) Ellison et al. (2001).
[Zn/Fe] values. In all but two cases, Z≡ Zn,S,Si, in order of
preference. The exceptions are the z ∼ 0.524 DLAs towards
0235+164 and 0827+243, where the metallicities are, respec-
tively, from an X-ray spectrum (Junkkarinen et al. 2004) and
[Z/H]=[Fe/H]+0.4 [following Prochaska et al. (2003a)]. The
sample contains 14 Ts measurements and 12 lower limits, and
20 [Z/H] measurements, five upper limits, and one lower limit
(towards 0311+430; Ellison et al. 2008). Detailed references
for the metallicities and spin temperatures are provided in
Kanekar et al. (in prep.).
Note that the sample does not include four systems where
the radio emission is clearly extended on scales >> 1′′, and
the covering factor is likely to be low, f << 1; these are the
HI 21cm absorbers at z∼ 0.437 towards 3C196 (Briggs et al.
2001) and z ∼ 0.656 towards 3C336 (Curran et al. 2007a)
(where the HI 21cm absorption arises towards extended
lobes, with little radio flux density associated with the quasar
core), and the HI 21cm non-detections at z ∼ 1.3911 to-
wards QSO 0957+561 and z∼ 1.4205 towards PKS 1354+258
(Kanekar & Chengalur 2003). We have also excluded “asso-
ciated” DLAs, lying within ∼ 3000 km s−1 of the quasar, as
conditions in these absorbers could be affected by their prox-
imity to an active galactic nucleus.
Preliminary results of this study showing the anti-
correlation between Ts and [Z/H] were presented in
Kanekar & Chengalur (2005). Curran et al. (2007b) later also
found weak evidence for the anti-correlation, but did not have
covering factor estimates for most high-z DLAs, and hence
could not rule out the effects of unknown covering factors.
The results of the present Letter are based on new HI 21cm
data on 11 absorbers, and VLBI estimates of the DLA cover-
ing factor for most systems, and yield the first clear evidence
for a relation between the metallicity and the HI temperature
distribution in the absorbers.
3. RESULTS: AN ANTI-CORRELATION BETWEEN Ts AND [Z/H]
Fig. 1[A] shows Ts plotted versus [Z/H] for the 26 DLAs
of the full sample; it is apparent that low Ts values (. 300 K)
are obtained at high metallicities ([Z/H]& −0.6), while high
Ts values & 700 K are found at low metallicities, [Z/H]. −1.
We used the non-parametric generalized Kendall rank correla-
tion statistic (Brown et al. 1974; Isobe et al. 1986), as imple-
mented in the ASURV package (the BHK statistic), to test for
a correlation between Ts and [Z/H], treating the latter as the in-
dependent variable. This allows limits in both variables to be
treated consistently. Errors on individual measurements were
handled through a Monte-Carlo approach, using the measured
values and 1σ errors for each absorber to generate 104 sets of
26 pairs of [Z/H] and Ts values. The statistical significance
of the BHK statistic quoted below is the average of values
obtained in these 104 trials. For the full sample, the anti-
correlation is detected at ∼ 3.6σ significance; the probabil-
ity of this arising by chance is ∼ 3× 10−4. If we exclude the
z = 0.524 DLA towards 0235+164 (whose metallicity is from
an X-ray study), and use [Fe/H] as a lower limit to [Z/H] for
the DLA towards 0827+243, the anti-correlation is detected
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FIG. 1.— The spin temperature Ts plotted against metallicity, [Z/H], for [A] (left panel) the 26 DLAs of the full sample, and [B] (right panel) the ten DLAs
with measurements of both Ts and [Z/H]. The dashed line shows the linear fit to the relation between [Z/H] and Ts.
at ∼ 3.1σ significance, showing that it does not arise from
incorrect metallicity estimates in these absorbers.
A linear regression analysis was used to obtain the best-
fit relation between Ts and [Z/H], using the ten systems
with measurements of both Ts and [Z/H] (i.e. excluding
all limits), all of which also have covering factor estimates;
these are shown in Fig. 1[B]. The BCES(Y/X) estimator
(Akritas & Bershady 1996) was used for this purpose, treat-
ing [Z/H] as the independent variable X; this method takes
into account measurement errors on both variables, as well
as the possibility that these errors are correlated (which ap-
plies here, as Ts and [Z/H] are both derived from NHI). We
obtain Ts = (−0.68± 0.17)× [Z/H] + (2.13± 0.21); the fit
is shown as a dashed line in Figs. 1[A] and [B]. Exclud-
ing the DLAs towards 0235+164 and 0827+243 yields Ts =
(−0.77±0.40)× [Z/H]+ (2.02±0.48), from eight DLAs with
measurements of Ts and [Z/H].
We also tested for a correlation between the dust depletion
factor [Z/Fe] and Ts, using the 21 systems with estimates of
both quantities. The anti-correlation between [Z/Fe] and Ts
has ∼ 2.2σ significance, reducing to ∼ 1.6σ significance on
excluding the possibly-unreliable X-ray metallicity estimate
in the DLA towards 0235+164. We thus do not find significant
evidence for a relation between [Z/Fe] and Ts, although this
sub-sample contains few DLAs with low spin temperatures.
Curran et al. (2007b) note that an observed anti-correlation
between Ts and metallicity might arise due to unknown low
covering factors. We hence estimated the BHK statistic for
the sub-sample of 20 DLAs with covering factor estimates
(Kanekar et al. 2009a). The anti-correlation between Ts and
[Z/H] is then detected at ∼ 3σ significance, with a probability
of ∼ 0.003 of chance occurrence. Low covering factors are
thus unlikely to be the cause of the anti-correlation between
Ts and [Z/H].
It is possible that the observed anti-correlation between Ts
and [Z/H] is not a “primary” relation, but stems from an un-
derlying relation between other physical quantities (e.g. ve-
locity spread and metallicity; Ledoux et al. 2006). For ex-
ample, Curran et al. (2007b) argue that an observed correla-
tion between Ts and [Z/H] might arise due to a relation be-
tween the velocity spread of HI 21cm absorption ∆V21 and
the rest equivalent width of the MgIIλ2796 line, Wλ27960 ,
each tracing the dynamics of the absorber. They note that
Ts ∝ NHI/
[∫
τ21dV
]
≈ NHI/
[
τ21,max∆V21
]
, suggesting that
Ts ∝ 1/∆V21. Wλ27960 is known to correlate with metallicity
(Murphy et al. 2007), so, if ∆V21 also correlates with Wλ27960 ,
the three relations could yield an observed anti-correlation be-
tween Ts and [Z/H]. However, the HI column density in DLAs
does not correlate with either [Z/H] or Wλ27960 (e.g. Rao et al.
2006), and the DLAs of Table 1 have NHI values extending
over ≈ 1.5 dex. If the Ts–[Z/H] relation arises due to an un-
derlying relation between ∆V21 and Wλ27960 , this spread in
NHI values would imply that the Ts–[Z/H] relation would be
weaker than the relation between ∆V21 and Wλ27960 (and vice-
versa, if the Ts–[Z/H] relation is the “primary” relation). In
other words, the “primary” relation would have the highest
statistical significance in samples of similar size, as uncor-
related (and variable) parameters like NHI would dilute the
significance of any derived relations.
Kanekar et al. (2009b) used the BHK test to test for corre-
lations between Wλ27960 and both the HI 21cm velocity spread
∆V21 and the integrated HI 21cm optical depth
∫
τ21dV , in
a sample of MgII absorbers and DLAs. They found the pu-
tative correlation between ∆V21 and Wλ27960 to have ∼ 1.7σ
significance (with 23 absorbers), and that between ∫ τ21dV
and Wλ27960 to have ∼ 2.2σ significance (with 24 absorbers).
Both these trends are significantly weaker than the relation be-
tween Ts and [Z/H] found here (∼ 3.6σ significance), in sam-
ples of similar size. It is thus unlikely that the anti-correlation
between Ts and [Z/H] arises from an underlying relation be-
tween Wλ27960 and either ∆V21 or
∫
τ21dV . The present data
indicate that the anti-correlation between Ts and [Z/H] is the
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“primary” relation, given its higher statistical significance.
4. DISCUSSION
High spin temperature estimates in high-z DLAs have
been the focus of much debate, with suggestions that these
might arise due to different sightlines at optical and ra-
dio wavelengths (Wolfe et al. 2003) or low covering factors
(Curran et al. 2005). It is possible that individual Ts measure-
ments might be in error due to these effects. However, recent
low-frequency VLBI studies have shown that high Ts values
are not the result of low DLA covering factors (Kanekar et al.
2009a). Further, the anti-correlation between Ts and [Z/H]
is detected in the sub-sample of DLAs with covering factor
measurements, indicating that this relation too is not caused
by low covering factors. Finally, differing optical and radio
sightlines (e.g. if the radio emission is extended on scales
larger than the size of the optical quasar) would result in Ts
estimates that are uncorrelated with the “true” Ts values along
the optical sightline. This would weaken any underlying cor-
relation between Ts and a quantity like [Z/H], measured along
the pencil beam towards the optical quasar. The detection of
the predicted anti-correlation between Ts and [Z/H] thus in-
dicates that line-of-sight issues are also not the source of the
observed high Ts values. We conclude that the high Ts esti-
mates in high-z DLAs are most likely to arise due to larger
WNM fractions in DLAs than typical in local spiral galaxies.
In the local universe, the metallicity and mass of galax-
ies are known to be correlated (e.g. Tremonti et al. 2004).
A similar correlation, between metallicity and stellar mass,
has been found in emission-selected, high-z galaxies (e.g.
Savaglio et al. 2005). Evidence for a mass-metallicity rela-
tion in DLAs is unclear. Ledoux et al. (2006) argue that the
observed correlation between the kinematic width of unsat-
urated low-ionization metal profiles ∆V90 and metallicity in
high-z DLAs arises from an underlying mass-metallicity re-
lation. Conversely, Zwaan et al. (2008) note that ∆V90 is a
weak indicator of galaxy mass at z = 0, as the kinematic width
measured along a pencil beam depends on the galaxy incli-
nation and the impact parameter. However, the above cor-
relation between ∆V90 and metallicity has been reproduced
in simulations (Pontzen et al. 2008), which suggest that it
does stem from a mass-metallicity relation. Pontzen et al.
(2008) find that sightlines through DLAs with low virial
masses, Mvir < 109.5 M⊙, typically yield low metallicities,
[Z/H]. −1.7, while the typical metallicities are [Z/H]∼ −1.2
in intermediate-mass galaxies (Mvir ∼ 109.5−10.5 M⊙), and
[Z/H]& −1 in high-mass systems (Mvir > 1010.5 M⊙; for com-
parison, Mvir ∼ 1012 M⊙ for the Milky Way; e.g. Xue et al.
2008). Interestingly, Prochaska et al. (2008) find a tight cor-
relation between the rest equivalent width in the saturated
SiIIλ1526 line W1526 and metallicity, and argue that W1526
tracks dynamical motions in the halos of DLAs, with the
correlation between W1526 and [Z/H] arising due to a mass-
metallicity relation of the same slope as that seen in low-z
galaxies.
If a mass-metallicity relation is present in DLAs, low-
mass DLAs would have low metallicities. Low-mass galax-
ies also have low thermal pressures, while a high pres-
sure is needed for the formation of a stable multi-phase
medium at a low metallicity. Fig. 6 of Wolfire et al. (1995)
shows that, at low pressures and metallicities, HI exists
mostly in the warm phase. Sightlines through such galax-
ies would thus typically yield a high spin temperature. Con-
versely, the mass-metallicity relation implies that high-mass
DLAs would have high metallicities, along with high ther-
mal pressures. Such galaxies would have significant CNM
fractions, with most sightlines yielding low spin tempera-
tures. These effects would yield the anti-correlation be-
tween Ts and [Z/H] detected here, due to the paucity of
cooling routes in low-metallicity galaxies (Norman & Spaans
1997; Kanekar & Chengalur 2001; Kanekar & Briggs 2004).
The anti-correlation between Ts and [Z/H] is thus consis-
tent with the presence of a mass-metallicity relation in DLAs
(Ledoux et al. 2006; Prochaska et al. 2008); low-metallicity
DLAs are likely to have high Ts values due to their low CNM
fractions.
While the relation between Ts and [Z/H] is consistent with
the presence of a mass-metallicity relation in DLAs, it is also
possible that the Ts–[Z/H] relation is a local one, arising due
to line-of-sight issues. For disk galaxies, the cross-section
for DLA incidence is largest for sightlines through the out-
skirts of the galaxy. If high-z DLAs have steep metallic-
ity gradients, such sightlines would typically encounter low
metallicities (e.g. Zwaan et al. 2005). The lack of local
cooling routes could then result in low CNM fractions, and
high Ts values along these sightlines. Conversely, sightlines
through the central regions of large disk galaxies would typ-
ically have high metallicities and high CNM fractions. Such
line-of-sight effects could thus also yield the anti-correlation
of Fig. 1. While such steep metallicity gradients have not been
seen in local galaxies and low-z DLAs (typical gradients are
∼ −0.03 − −0.04 dex kpc−1; Chen et al. 2005; Bresolin et al.
2009), they are not ruled out in high-z DLAs. We note, in
passing, that the z ∼ 0.524 DLA towards 0827+243 has one
of the largest DLA impact parameters (∼ 27 kpc; Steidel et al.
2002), and yet has both a low Ts (330 K) and a high metallic-
ity, [Z/H]= −0.6.
Fig. 1[A] shows that low Ts values are only found in DLAs
with [Z/H]& −0.6. Only 13 of the 153 DLAs at z > 1.6 in
the sample of Prochaska et al. (2007) have such high metal-
licities; the majority of high-z DLAs have [Z/H]< −1.0. The
anti-correlation between Ts and [Z/H] then implies that most
high z DLAs have high Ts values. Conversely, six of seven-
teen DLAs at z . 1 have [Z/H]≥ −0.6 (e.g. Prochaska et al.
2003a; Kulkarni et al. 2005). While the number of metallicity
measurements at z < 1 is yet small, the present data indicate
a higher fraction of high-metallicity DLAs at low redshifts. If
so, the Ts–[Z/H] anti-correlation implies that the fraction of
DLAs with high CNM fraction should also be larger at z . 1.
This is consistent with the observed increase in the detection
rate of HI 21cm absorption in DLAs at z . 1 (Kanekar et al.
2009b).
Finally, Wolfe et al. (2003) found that the strong CII* lines
detected in half their DLAs could not be explained by ab-
sorption in pure WNM, and implied the presence of cold
HI. They argue that HI in DLAs without CII* absorption is
likely to be predominantly warm, but that a two-phase model
with a CNM fraction of ∼ 50% is consistent with the ob-
served bolometric luminosity in systems with CII* detections.
However, lower CNM fractions are not ruled out. For exam-
ple, the z ∼ 3.39 DLA towards PKS 0201+113 shows strong
CII* absorption (Wolfe et al. 2003), but has a low metallicity,
[S/H]= −1.26 (Ellison et al. 2001), and a low CNM fraction,
. 17% (Kanekar et al. 2007). This suggests that, while DLAs
showing CII* absorption contain some CNM, the HI content
of low-metallicity absorbers is still likely to be dominated by
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the WNM (see also Srianand et al. 2005).
5. SUMMARY
We report the detection of an anti-correlation between spin
temperature and metallicity (with ∼ 3.6σ significance in the
non-parametric BHK test) in a sample of 26 DLAs at 0.09 <
z < 3.45. For 20 systems, the absorber covering factor has
been estimated from low-frequency VLBI studies; the anti-
correlation between Ts and [Z/H] is detected here at∼ 3σ sig-
nificance. A linear regression analysis using the BCES esti-
mator finds the relation Ts = (−0.68±0.17)× [Z/H]+ (2.13±
0.21) between Ts and [Z/H]. Low spin temperatures, Ts .
300 K, are only found in high-metallicity DLAs (with [Z/H]&
−0.6), while high Ts values (& 700 K) are obtained in low-
metallicity ([Z/H]< −1) absorbers. The fact that a relation is
seen between Ts and [Z/H] implies that the high Ts values in
DLAs are unlikely to be an artifact arising from differences
between radio and optical sightlines through the absorbers,
and are instead likely to reflect the underlying gas temper-
ature distribution. The majority of DLAs at z > 1.6 have
[Z/H]< −1, implying that most of the HI in DLAs must be
in the warm phase, with small CNM fractions. The observed
anti-correlation between Ts and [Z/H] is consistent with inde-
pendent evidence for the presence of a mass-metallicity rela-
tion in DLAs. The majority of high-z DLAs are likely to be
galaxies of low mass and metallicity, with most of the neutral
gas in the warm phase.
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